4 reduces the protein-folding load of the ER and allows for the upregulation of select transcripts 1 4 1 in Baldspot expression from strains carrying the C allele and expressing the Rh1 G69D transgene 1 4 2 (C, 1.15 ± 0.03 as compared to T, 1.01 ± 0.09;) ( Fig S1B) . While there is not a substantial 1 4 3 difference in expression between the alleles, the possibility remains that altering the expression 1 4 4 or activity of Baldspot may impact degeneration and the causative pathways. To test whether eliminating Baldspot expression can modify Rh1 G69D -induced retinal 1 4 8 degeneration, we expressed an RNAi construct targeted against Baldspot in the GMR-1 4 9 GAL4>UAS-Rh1 G69D background. Expression of this construct results in a strong, significant 1 5 0 reduction in Baldspot mRNA (~7% of controls; P = 3.5 x 10 -3 ) ( Fig S2A) . We found that loss of Baldspot expression results in partial rescue of Rh1 G69D -induced retinal degeneration 1 5 2 (Rh1 G69D /Baldspoti) as compared to controls expressing only the Rh1 G69D misfolded protein and 1 5 3 no RNAi (Rh1 G69D controls) (Fig 2A) . Quantification of eye size demonstrates a significantly Excessive ER stress in the Rh1 G69D eye discs leads to apoptosis and degeneration and 1 7 2 abnormal, degenerate adult eyes. To determine if the decrease in apoptosis we observed was 1 7 3 due to changes in the ER stress response, we measured the activity of IRE1 and PERK, two of 1 7 4 the transmembrane sensors of misfolded proteins in the ER. Under conditions that induce ER 1 7 5 stress, Xbp1 transcript is spliced by IRE1. The in-frame Xbp1 transcript is translated and acts as 1 7 6 a transcription factor, inducing genes involved in the UPR [8, 9] . The level of spliced Xbp1 1 7 7 transcript is directly proportional to the degree of activation of the ER stress response. To previously characterized transgenic Xbp1-EGFP marker [24, [31] [32] [33] . In this transgene, the 5' As with the endogenous Xbp1 transcript, the in-frame, spliced Xbp1-EGFP transcript, and 1 8 3 subsequently the Xbp1-EGFP fusion protein, increases as ER stress signaling increases. Thus, 1 8 4 EGFP signal increases as ER stress signaling increases. As previously reported, expression of 1 8 5 UAS-Xbp1-EGFP in Rh1 G69D controls results in increased EGFP, indicating high levels of ER 1 8 6 stress ( Fig 2E) [24, [31] [32] [33] . When UAS-Xbp1-EGFP is expressed in Rh1 G69D /Baldspoti larvae 1 8 7 eye discs, we see a significant reduction in EGFP signal (0.59 ± 0.13 in Rh1 G69D /Baldspoti 1 8 8 relative to controls, 1.00 ± 0.18; P = 9.6 x 10 -4 ), indicating reduced ER stress signaling ( Fig 2E- 1 8 9 F). However, Rh1 G69D /Baldspoti eye discs display no significant change in rhodopsin protein 1 9 0 levels (0.78 ± 0.33 in Rh1 G69D /Baldspoti relative to controls, 1.00 ± 0.44 in controls; P = 0.286) 1 9 1 ( Fig 2E-F ), suggesting that loss of Baldspot expression reduces IRE1/Xbp1 signaling without 1 9 2 affecting the accumulation or degradation of misfolded Rh1 protein. when IRE1 has been chronically and strongly activated [7] . To measure activation of JNK 1 9 6 signaling, we monitored expression of puckered (puc), a well characterized JNK target, using a 1 9 7
LacZ-tagged allele (puc-LacZ). While puc-LacZ is induced in Rh1 G69D controls (1.00 ± 0.41), it is 1 9 8 significantly reduced in Rh1 G69D /Baldspoti (0.50 ± 0.60 relative to controls; P = 9.5 x 10 -3 ) (Fig We also examined the effect of Baldspot loss on the PERK branch of the UPR. When PERK is 2 0 5 activated, it phosphorylates the translation initiation factor eIF2α, which decreases the 2 0 6 translation of most mRNA transcripts with canonical translation initiation sequences [7] . We 2 0 7 9 monitored P-eif2α levels by western blot in eye/brain-imaginal disc complexes isolated from 2 0 8 Rh1 G69D control and Rh1 G69D /Baldspoti larvae. P-eif2α levels were substantially reduced in 2 0 9 samples isolated from Rh1 G69D /Baldspoti compared with Rh1 G69D controls, indicating that PERK 2 1 0 activity is reduced in the absence of Baldspot (Fig 2I) . Because the ATF6 branch of the UPR 2 1 1 has not been extensively studied in Drosophila, we are unable to draw any conclusions about 2 1 2 the activity of this branch of the UPR. Our data demonstrate that loss of Baldspot expression reduces IRE1 and PERK signaling 2 1 5 misfolded protein levels. This is consistent with previous reports demonstrating that the cellular 2 1 6 concentration of stearate is associated with increased activation of the ER stress response 2 1 7 through direct activation of IRE1 and PERK, independently from misfolded proteins [36] [37] [38] . can detect and respond to changes in membrane lipid composition, leading to increased 2 2 0 activation of these sensors [39] . Together, this suggests that the modifying effect of Baldspot is 2 2 1 linked to its fatty acid elongation activity. Baldspot converts palmitate to stearate [26, 27] and the absence of Baldspot function should 2 2 5 result in lower levels of stearate. We hypothesized that lower levels of stearate underlies the 2 2 6 rescuing effect, reduced ER stress response, and retinal degeneration we observed, and that 2 2 7 this signaling could be restored if stearate were supplemented during development. To test this, 2 2 8 we raised Rh1 G69D /Baldspoti and Rh1 G69D control flies on media with or without 10% stearate 2 2 9
and measured eye size in adults. This diet has no effect on eye size in wild-type individuals ( with no stearate (16846 ± 1699 pixels; P = 1 x 10 -7 ) ( Fig 3B) . This increase in degeneration in 2 3 3 10 Rh1 G69D /Baldspoti flies was accompanied by an increase in IRE1 activity and spliced Xbp1, as 2 3 4 evidenced by an increase in Xbp1-EGFP expression in eye discs (1.26 ± 0.08 on stearate 2 3 5 relative to standard media, 1.00 ± 0.10; P = 3.4 x 10 -3 ) ( Fig 3C-D) . Stearate supplementation 2 3 6 had no effect on eye size, retinal degeneration, or Xbp1-EGFP signal in Rh1 G69D control flies 2 3 7 (13478 ± 1197 pixels on stearate and 12873 ± 1006 pixels on standard media; P = 0.502; 0.83 ± 2 3 8 0.15 on stearate relative to standard media, 1.00 ± 0.21; P = 0.171) (Fig 3 B -D), likely because 2 3 9 of the high level of ER stress signaling already present. High stearate levels are sufficient to 2 4 0 induce ER stress signaling and bypasses the need for Baldspot activity. Because Baldspot is ubiquitously expressed (www.flyatlas2.org/), it is possible that Baldspot's 2 4 4 modifying role in the ER stress response is generalizable across different contexts and tissues.
4 5
We first tested whether Baldspot modifies ER stress in another tissue. Because wing size is a 2 4 6 visible and easily scorable trait, we used the MS1096-GAL4 driver to express Rh1 G69D in the 2 4 7 developing larval wing disc (wing-Rh1 G69D ). The Rh1 G69D protein acts as a misfolded protein, Expression of wing-Rh1 G69D produces a phenotype similar to a vestigial wing ( Fig 4A) . When the 2 5 1
RNAi construct targeted against Baldspot was concurrently expressed in the wing disc (wing-
Rh1 G69D /Baldspoti), this vestigial phenotype was partially rescued. The adult wings showed an 2 5 3 increase in size and an increase in unfolding upon eclosion ( Fig 4A) . While this phenotype is 2 5 4 variable in the degree of degeneration and unfolding of the wing, we do see a significant 2 5 5 increase in 2D wing area and wing length in the absence of Baldspot (area: 100769 ± 9903 2 5 6 pixels in wing-Rh1 G69D /Baldspoti and 57681 ± 30912 pixels in controls; P = 0.043; length: 633 ± 2 5 7 44 pixels in wing-Rh1 G69D /Baldspoti and 378 ± 183 pixels in controls; P = 0.039) ( Fig S3A-B ). Similar to what we observed in the eye discs, this partial rescue was associated with a decrease 2 5 9 P-eif2α levels upon DTT exposure (P = 0.954; N = 3) ( Fig 5C) . Due to a lack of antibody, we 3 0 1 could not monitor ATF6 activity in S2 cell culture. It appears that loss of Baldspot expression in 3 0 2 S2 cells has a similar effect on ER stress response as observed in our in vivo model. . We tested the effect of Baldspot knockdown 3 0 9 on these targets after treatment with DTT. Hydr2 expression is significantly reduced in control 3 1 2 degraded upon DTT treatment in cells treated with DsRNA against either Baldspot (0.74 ± 0.09; 3 1 3 P = 2.0 x 10 -5 ) or EGFP (0.71 ± 0.06; P = 1.9 x 10 -5 ) ( Fig 5D) . Non-RIDD targets, such as 3 1 4
Actin5C, were unaffected ( Fig 5D) . The fact that only some RIDD targets are affected is in The ER stress response has the potential to be an important modifier of human disease. ER to complex metabolic disorders [7] . The role of the ER stress response is complex and in some 3 2 2 cases, a stronger response is beneficial and in other cases, a strong response underlies the associated with the accumulation of cytoplasmic misfolded proteins that can activate a 3 2 7 secondary ER stress response and subsequent cell death [19] . In diabetes and obesity, In this study we show that loss of Baldspot/ELOVL6 activity can affect the outcome of retinal 3 4 6 degeneration and has the potential to be a broader regulator of ER stress-associated diseases.
4 7
As a 16-to-18 carbon fatty acid elongase in the ER membrane, this enzyme is responsible for 3 4 8
increasing the concentration of C18 stearate, a saturated long chain fatty acid [28, 37] . Increases in stearate concentrations in the ER membrane can induce and enhance ER stress, 3 5 0 and is associated with disease outcomes in mammalian systems [36] [37] [38] . Here, we show that are induced in models of ER stress. Our study shows that Baldspot/ELOVL6 has a modifying 3 5 3 effect on the IRE1 and PERK branches of the ER stress response. This is consistent with 3 5 4
observations that increased long chain fatty acids in the ER membrane impacts IRE1 and PERK stress response when it is induced by different conditions. Regardless of the mechanism by 3 7 2 which ER stress is induced, inhibiting ELOVL6 activity reduces IRE1 and PERK signaling. In sensitivity and the expression of ER stress genes [26] . It is likely that reducing 3 7 5
Baldspot/ELOVL6 expression would also alter complex diseases where ER stress contributes to 3 7 6 degeneration and cell death. In some cases, even a small delay in degeneration could 3 7 7
dramatically improve the quality of life. We have identified Baldspot/ELOVL6 in Drosophila as a novel modifier of the ER stress pathway may prove to be a successful strategy to nominating new modifiers with broad 3 8 5 applications to many ER stress-associated diseases. Flies were raised at room temperature on standard diet based on the Bloomington Stock Center 3 9 0 standard medium with malt. The strain containing GMR-GAL4 and UAS-Rh1 G69D on the second 3 9 1 chromosome (GMR>Rh1 G69D ) has been previously described [23] . The following strains are from Eye discs and wing discs were dissected from wandering L3 larvae in cold 1X PBS, then 4 0 7
immediately transferred to cold 4% PFA on ice. Tissues were fixed in 4% PFA for 15-20 min, performed on the eye imaginal discs of L3 larvae, also as described above. TGCTGGTCATCTTCGGTGGTC and R: ACGCAGACGGAGTGGAAGAG). Xbp1 splicing was 
